We systematically study the large-q T (or small-b) matching of transverse momentum dependent (TMD) distributions to the twist-2 integrated parton distributions. Performing operator product expansion for a generic TMD operator at the next-to-leading order (NLO) we found the complete set of TMD distributions that match twist-2. These are unpolarized, helicity, transversity, pretzelosity and linearly polarized gluon distributions. The NLO matching coefficients for these distributions are presented. The pretzelosity matching coefficient is zero at the presented order, however, it is evident that it is non-zero in the following orders. This result offers a natural explanation of the small value of pretzelosity found in phenomenological fits. We also demonstrate that the cancellation of rapidity divergences by the leading order soft factor imposes the necessary requirement on the Lorentz structure of TMD operators, which is supported only by the TMD distributions of leading dynamical twist. Additionally, this requirement puts restrictions on the γ 5 -definition in the dimensional regularization.
Introduction
The transverse momentum dependent (TMD) factorization theorems for semi-inclusive deep inelastic scattering (SIDIS) and Drell-Yan type processes formulated in [1, 2, 3, 4 ] allow a consistent treatment of rapidity divergences in the definition of spin (in)dependent TMD distributions. They also provide a self-contained definition of TMD operators which can be considered individually by standard methods of quantum field theory without referring to a scattering process. In particular, the large-q T (or small-b) matching of TMD distributions on the corresponding integrated functions can be evaluated. Such consideration is practically very important because the resulting matching coefficients serve as an initial input to many models and phenomenological ansatzes for TMD distributions. The unpolarized TMD distribution is the most studied case and it has been treated using different regularization schemes at the next-to-leading order (NLO) [1, 5, 2, 4, 6, 7, 8] and the nextto-next-to-leading order (NNLO) [9, 10, 11, 12] . For polarized distributions such a program has been performed only for helicity, transversity and linearly polarized distributions at NLO [13, 14] . However, these works miss a systematic discussion on the relevant renormalization schemes, which are fundamental to establish their calculation and to provide a spring to higher order analysis. By this article we open a series of articles devoted to the study of the small-b matching of polarized TMD distributions. The primary goal of this letter is to provide a dedicated and consistent study of the leading twist (twist-2) matching of the TMD operators.
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where n is the lightlike vector and we use the standard notation for the lightcone components of vector v µ = n µ v − +n µ v + + g µν T v ν (with n 2 =n 2 = 0, n ·n = 1, and g
with Wilson lines W taken in the appropriate representation of gauge group . The staple contour of the gauge link results in the rapidity divergences, the unique feature of TMD operators. The rapidity divergences are removed by the proper rapidity renormalization factor R, which is built from the TMD soft factor,
where S n andSn stand for soft Wilson lines along n andn (for the precise definition of W T andS T see e.g. [10] ). The structure of factor R follows from the TMD factorization theorem [1, 2, 4, 10, 3] and depends on the rapidity regularization scheme. However, the expressions for rapidity-divergence-free quantities, such as evolution kernels and matching coefficients are independent on the scheme. In the following we use the δ-regularization scheme formulated in [15, 10] . This scheme uses the infinitesimal parameter δ as a regulator for rapidity divergences in combination with the usual dimensional regularization (with d = 4 − 2ǫ, ǫ > 0) for ultraviolet and collinear divergences. Such combination appears to be very visual and practically convenient. The central statement of the TMD factorization theorem is the complete elimination of rapidity divergences by the rapidity renormalization factor R. In the δ-regularization scheme where R = 1/ √ S (b), the rapidity divergences take the form of ln δ and do not mix with divergences in ǫ, which yield the exact cancellation of ln δ at finite ǫ. This non-trivial demand is necessary for a consistent higher-then-NLO evaluation and requires the matching of regularizations for different field modes (see [10] ). It also results into the correspondence between TMD processes and the jet production [16] .
The hadron matrix elements of the TMD operators with open vector and spinor indices (1,2) are to be decomposed over all possible Lorentz variants, which define TMD parton distribution functions (TMDPDFs). In the literature, this decomposition has been made in the momentum space (for spin-1/2 hadrons it can be found in [17, 18] (for quark operators) and in [19] (for gluon operators)). However, it is convenient to consider TMD distributions in the impact parameter space, where it is naturally defined. The correspondence between decomposition in momentum and impact parameter spaces can be found in e.g. [20, 14] . In this work we need only a part of the complete decomposition,
where the vector b µ is a 4-dimensional vector of the impact parameter (b
, and S T,L are components of the hadron spin vector defined in Eq. (11) . On the r.h.s. of Eqs. (5, 6) and in the rest of the letter we omit arguments of TMD distributions (x, b), unless they are necessary. Note that in Eq. (5) we use the normalization for the distribution h ⊥ 1T different from the traditional one [17] . The traditional definition can be recovered substituting h
with M being the mass of hadron. In the section 4 we argue that such normalization is natural.
In Eqs.(5,6) we write only the TMD distributions that match the twist-2 integrated distributions. The dots include the TMD distributions that match the twist-3 and higher parton distribution functions (PDF). The reported distributions are usually addressed as helicity (g 1L and g g 1L ), transversity (h 1 ), pretzelosity (h ⊥ 1T ) and linearly polarized gluon (h ⊥g 1 ) distributions. The small-b matching of these distributions has been performed separately for quarks [13] and gluons [14] in different renormalization schemes. Furthermore, the pretzelosity distribution has been overlooked by these groups. In this letter, we present a uniform and consistent NLO matching of these TMD distributions.
Small-b operator product expansion
The small-b operator product expansion (OPE) is the relation between TMD operators and lightcone operators. Its leading order can be written as
where symbol ⊗ denotes the Mellin convolution in the variable x. The functions C(b) are dimensionless, i.e. they depend on b only logarithmically. The dots represent the power suppressed contributions, which presently have been studied only for the unpolarized case (see discussion in [21] ). At this order of OPE, the functions φ(x) are the formal limit of the TMD operators Φ(x, 0). The hadronic matrix elements of φ are the PDFs
where M is the mass of hadron, S L and S T are the components of the hadron spin vector
and ǫ µν T = ǫ +−µν = n αnβ ǫ αβµν . For future convenience we introduce the universal notation
Both sides of Eq. (7, 8) should be supplemented by the ultraviolet renormalization constants. Additionally, the TMD operator on the l.h.s. is to be multiplied by the rapidity renormalization factor R. The renormalized TMD operator has the form
where we explicitly show the dependence on regularization parameters on the r.h.s.. The dependence on ǫ and δ cancels in the product. The renormalization factors are independent on the Lorentz structure but dependent on parton flavor. The explicit expressions for these factors up to NNLO can be found in [10, 15] . The cancellation of rapidity divergences for the spindependent distributions is a non-trivial statement. Let us consider the small-b OPE for a generic TMD quark operator. At one loop we find
where
, and we use the standard
In this expression, we omit the gluon operator contribution for simplicity. The complex term in the last line of Eq. (14) is the artifact of δ-regularization. The logarithm of δ represents the rapidity divergence which is to be eliminated by the factor R which at this perturbative order reads
The rapidity divergence cancels in the product RΦ if and only if
yielding
The cancellation of rapidity divergences is the fundamental prerequisite to obtain the matching coefficients of the renormalized operator Φ and φ. The conditions analogue to Eq. (16) for the gluon operator are
They follow from OPE for a generic gluon TMD operator Φ µν similar to Eq. (14), which we do not present here, since it is rather lengthy and not instructive. The conditions in Eq. (16, 18) are satisfied only for the following Lorentz structures
which exactly correspond to the Lorentz structures for the so called "leading dynamical twist" TMD distributions. In this way, the relations Eq. (16, 18) provide a definition of the leading dynamical twist for TMD operators that can be used with no reference to a particular cross-section. On the other hand, our consideration shows that TMD operators of non-leading dynamical twist have rapidity singularities that are not canceled by the soft factor in Eq. (4). While we have no knowledge of a calculation of the correction to the leading order of TMD factorization, our finding demonstrates that it has a different structure of rapidity divergences (which can spoil the factorization). The relation in Eq. (16) will be used in the next section to fix the definition of γ 5 in the dimensional regularization. In order to calculate the matching coefficients, we consider the quark and gluon matrix elements with the momentum of parton set to p µ = p +nµ . This choice of kinematic is allowed for consideration of twist-2 contribution only (which is the case of this article). Then, the calculations are greatly simplified. In particular, the perturbative corrections to the parton matrix element of φ's are zero, due to the absence of a scale in the dimensional regularization. Therefore, such matrix elements are equal to their renormalization constant, i.e. has not finite in ǫ-terms. In practice, it implies that the matching coefficient is the ǫ-finite part of the parton matrix element of the renormalized TMD operator (13) . The evaluation of OPE for a general Lorentz structure (as in Eq. (17)) is not very representative because one needs only the components associated with the TMDPDFs. Therefore, we project out the required components and present the expressions for each particular distribution.
Helicity distribution
In the case of helicity distributions the Lorentz structures for quark and gluon operators are
The corresponding "orthogonal" projectors are
where the factor N sch. depends on the definition of γ 5 matrix in dimensional regularization. Historically the most popular schemes (for QCD calculations) are 't Hooft-VeltmanBreitenlohner-Maison (HVBM) [22, 23] , and Larin scheme [24, 25] . In both schemes the combination γ + γ 5 can be presented as
where ǫ µναβ is the antisymmetric Levi-Civita tensor. The difference between schemes is hidden in the definition of Levi-Civita tensor. In HVBM the ǫ µναβ is defined only for 4-dimensional set of indices. I.e. ǫ µναβ = 1 if {µναβ} is even permutation of {0, 1, 2, 3}, ǫ µναβ = −1 if the permutation is odd, and ǫ µναβ = 0 for any another case. In Larin scheme the ǫ-tensor is nonzero for all set of d-dimensional indices. The value of individual components are undefined, however, the product of two ǫ-tensors is defined, ǫ
., where the dots mean all 4! permutations of indices with alternating signs.
The drawback of both schemes is the violation of AdlerBardeen theorem for the non-renormalization of the axial anomaly. This must be fixed by an extra finite renormalization constant Z 5, derived from an external condition, see detailed discussion in [24, 26, 27] . The NNLO calculation of polarized deep-inelastic-scattering and Drell-Yan process in refs. [26, 27] made in (HVBM) have shown that the finite renormalization is required only for the the quark-to-quark part (both singlet and non-singlet cases). The same finite renormalization constant can be used for Larin scheme up to ǫ-singular terms at NNLO [28] . However, it seems that for higher order terms (in ǫ or in the coupling constant) the constant should be modified [28] .
Needless to say, that Larin scheme is far more convenient then HVBM, because it does not violate Lorentz invariance. However, Larin scheme, as it is originally formulated and used in the modern applications [28] , is inapplicable for TMD calculations. The point is that it does violate the definition of the leading dynamical twist Eq. (16) . Indeed, in the Larin scheme we have
because there is a contribution when all indices {ναβ} are transverse. Note, that in HVBM scheme there is not such problem, since in the 4-dimensional ǫ +ναβ , one of the indices is necessarily "−". To ensure the existence of Eq. (16) we perform a light modification of Larin scheme, and call it Larin + scheme. We define
The ǫ T -tensor is d-dimensional, and for calculations it should be supplemented by the relation
In the case the ǫ-tensor is 4-dimensional, the definition Eq. (24) coincides with HVBM. The normalization factors presented in the Eq. (21) are
The NLO calculation is straightforward and parallel to unpolarized calculation, which is presented in details in [10] . We write the matching onto integrated distribution as (27) where
where the subscript "ǫ-finite" implies the removal of ǫ-singular terms, as discussed in the end of sec.2. The coefficient H sch. accumulates the difference between schemes,
One can see that the expressions within HVBM and Larin + schemes coincide up to ǫ-suppressed parts.
In the regime of large-q T , the TMD factorization reproduces the collinear factorization. Therefore, it is natural to normalize the helicity TMDPDF such that at large-q T it reproduces the cross-section for polarized Drell-Yan, which in turn is normalized onto cross-section of unpolarized Drell-Yan process [27] . The TMD equivalent of this statement is the requirement of equality between helicity and unpolarized matching coefficients
The constant Z 5is universal, in the sense that it is independent on the rapidity regularization scheme. We find the following finite renormalization constant for the TMD matching
Note, that HVBM version of Z 5coincides with the NLO part of the one presented in [27] up to logarithmic terms (which are dependent on the kinematics of process) .
Concluding the section we present the expressions for the helicity TMD distribution in the regime of small-b
where the matching coefficients are taken in the limit ǫ → 0,
with l ζ = ln µ 2 /ζ. The functions ∆p are the combination of helicity evolution kernel (which can be found e.g. in [28] ) and the TMD anomalous dimension. They are
The coefficients ∆C q←q and ∆C q←g have been evaluated in [13] . Our expressions agree with ones presented in [13] apart of ζ 2 term in ∆C q←q . This disagreement is the result of different renormalization schemes. We use the conventional MS scheme with e ǫγ E factor, while MS-scheme of [13] is defined with Γ −1 (1 + ǫ) factor. The coefficients ∆C g←q and ∆C g←g have been evaluated in [14] . Our expressions agree with expressions presented in the erratum of Ref. [14] .
Transversity and pretzelosity distributions
The spinor structure for the transversity TMD operator is usually addressed as Γ = iγ 5 σ +µ = ǫ µν T σ +ν /2, where to obtain the last equality we used that index µ is transverse. This definition is scheme dependent just as the helicity case. However, since there is no mixture with the gluons at the leading twist, the common practice is to eliminate the γ 5 or ǫ T from the definition of operator. Thus we consider Γ = σ +µ . The small-b expansion takes the form
Comparing this expression with the parameterization Eq. (5) we observe that both the transversity distribution and the pretzelosity distributions have the leading twist-2 matching on the integrated transversity PDF.
The transversity and pretzelosity distribution matching coefficients, respectively δC q←q and δ ⊥ C q←q , are defined as
where the factor (1 − ǫ) in the pretzelosity vector structure is necessary to support its tracelessness in dimensional regularization.
Comparing expressions (36) with (35) we obtain
It results to the following small-b expression for the transversity TMD PDF
with the matching coefficient
The δpis the combination of the transversity evolution kernel (see e.g. [29, 30] ) and TMD anomalous dimension. It is
This expression coincides with the one calculated in [13] up to ζ 2 term (which is absent in [13] due to the usage of a different form of MS-scheme).
The matching coefficient of the pretzelosity distribution at finite ǫ is
Here, we can appreciate the consistent and natural counting of the normalization of the pretzelosity provided by Eq. (5). We also observe that at this order of perturbation theory the matching coefficient is proportional to ǫ, i.e. zero. Nonetheless, the ǫ-suppressed part will reveal at NNLO, and provide a non-zero contribution. Therefore, we conclude
This result coincides with the estimation made in [18] . According to Eq. (42), the pretzelosity distribution is suppressed numerically. This observation is indeed supported by the measurements of sin(3φ h − φ S )-asymmetries by HERMES and COM-PASS, see e.g. [31] and references within. We also mention that it is not possible to obtain the small-b matching at the helicity distribution. The helicity distribution as a part of pretzelosity distribution is suggested by various model calculations (see [32] and references within).
Linearly polarized gluon
The linearly polarized gluon distribution at small-b matches the unpolarized gluon distribution. The matching of the gluon TMD operator to the unpolarized distribution has the form
where dots represent terms proportional to g µν T and ǫ µν T , i.e. the parts which contribute to the matching of unpolarized and helicity distributions.
Note that there is not rapidity nor renormalization group evolution, which appears at the next perturbative order. Finally, we obtain following small-b expression for the linearly polarized gluon TMDPDF
Conclusions
In this letter, we have provided complete discussion on the matching of transverse momentum dependent (TMD) distributions to the twist-2 integrated distributions in the regime of small-b (or equivalently, large-q T ). To perform the matching we have evaluated the operator product expansion (OPE) of a generic TMD operator near the light-cone.
As a practical outcome, we derive the complete set of NLO TMD matching coefficients of the twist-2 parton distributions evaluated uniformly at finite ǫ. The TMD distributions that have non-zero matching are helicity (g 1L , g g 1L ), transvesity (h 1 ), pretzelosity (h ⊥ 1T ) and linearly polarized gluon (h ⊥g 1 ) distributions (we do not include the unpolarized TMD distribution in the consideration because it has been considered in many articles. The evaluation performed using the same regularization as this paper can be found in [10] ). The most part of the coefficient functions have been evaluated separately for quarks and gluons by different groups [13, 14] . We agree with their evaluations (taking into account that in ref. [13] , different renormalization scheme has been used).
The evaluation of OPE for a generic TMD operator reveals the condition which should be satisfied in order match the rapidity divergences of a TMD operator and the leading order TMD soft factor Eq. (4). The conditions presented in Eqs. (16, 18) restrict the Lorentz structure of the TMD operators. The TMD distributions whose operator meet these conditions, are known as TMD distributions of leading dynamical twist. In this way, we demonstrate that the next-to-leading-dynamical-twist contributions to the TMD factorization theorem (i.e. the power suppressed contributions to the TMD cross-section) necessarily have a different structure of rapidity divergences.
We also provide discussion on the schemes of γ 5 and ǫ Tdefinition in the dimensional regularization, which has been skipped by the previous authors. We have shown that the definition of γ 5 suggested by the popular Larin scheme [24] does not support the condition of the leading dynamical twist, and thus, it is inapplicable in TMD calculations. We suggest an updated version of Larin scheme (Larin + scheme Eq. (24)), which supports the condition and has simpler properties than the traditional one. Our calculation has been performed in Larin + and HVBM [22, 23] schemes. At NLO the difference between schemes arises only in the ǫ-suppressed terms. We argue about the normalization of the distributions and derive the finite renormalization constant (31) for TMD helicity distributions in both schemes.
The evaluation of the matching has been performed at finite-ǫ. The ǫ-suppressed terms, although do not contribute directly to NLO, contribute to higher perturbative orders (see e.g. discussion in [10] ). The pretzelosity distribution (considered here for the first time) has ǫ-suppressed matching coefficient, which indicates that it has non-zero matching coefficient to transversity distribution at NNLO Eq. (42). This offers a natural explanation of the smallness of this distribution in phenomenological analyses [31] . The complete ǫ-dependent expressions and the general analyses performed in this work open the path to the NNLO evaluation of polarized TMD distributions.
